We attempted to elucidate the corticospinal tract location at the posterior limb of the internal capsule in the human brain. Ten healthy volunteers were recruited. Probabilistic mapping was performed using the functional MRI activation resulting from a hand motor task as region of interest 1 and the corticospinal tract area of the anterior pons as region of interest 2.The average location of the highest density point of the corticospinal tract was mid-posterior portion with the standard from the most medial point to the most posterior point of the lenticular nucleus. In conclusion, we demonstrated that the corticospinal tract for the hand descended through the posterior portion of the posterior limb at the mid-thalamic level. NeuroReport 19:817^820
Introduction
The corticospinal tract (CST) is the most important motor pathway that functions in human motor control. The preservation or recovery of the CST is mandatory for good recovery of impaired motor function in patients with brain injury [1, 2] . The accurate estimation of the CST state after brain injury would enable us to predict the sequelae of motor weakness or to set up a scientific management strategy. This information also could be useful in accurate surgical planning for patients with brain tumor or vascular anomaly. In contrast, the posterior limb of the internal capsule is an important location because this area is related to poor motor outcomes [3] .
The exact location of the CST at the posterior limb of the internal capsule remains controversial, although many studies have attempted to elucidate the location of the CST at the posterior limb of the internal capsule in the human brain [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The invasive methods such as brain dissection or direct brain stimulation study have mainly been used in the past [4] [5] [6] [7] [8] [9] . The development of the radiologic techniques enable us to do noninvasive research on this topic [10] [11] [12] [13] [14] . In particular, the diffusion tensor tractography (DTT), which is derived from diffusion tensor imaging (DTI), has the advantage of being capable of visualizing and localizing the CST at the subcortical level in three dimensions [15] [16] [17] [18] [19] . The validity and reliability of DTT for the CST has been demonstrated well in earlier studies [15, 20, 21] . In contrast, functional MRI (fMRI) is capable of precisely identifying cortical activation sites because of its excellent spatial resolution at the cortex [22] . Therefore, it seems that combined fMRI/DTT would allow more accurate localization of the CST. Few DTT studies have attempted to use fMRI results for elucidating the CST location at the posterior limb of the internal capsule [11, 13] .
In this study, we attempted to elucidate the CST location for the hand at the posterior limb of the internal capsule in the normal human brain, using DTT analyzed with the results of fMRI activation.
Materials and methods

Participants
Ten healthy, right-handed participants (men: 6, mean age: 28.8 years, range: 20-37 years) without an earlier history of neurological, psychiatric, or physical illness were enrolled in this study. The both hands of each participant were examined in one session using modified Edinburg Handedness Inventory for determination of handness [23] . All participants understood the purpose of this study, and provided written informed consent before participation in this experiment. This study was approved by the institutional review board of a university hospital.
Data acquisition
The blood oxygenation level-dependent (BOLD) fMRI measurement, which uses the echo planar imaging (EPI) technique, was performed using a 1.5-T Philips Gyroscan Intera (Hoffman-LaRoche, Ltd, Best, the Netherlands) with a standard head coil. The EPI BOLD images were acquired over the same 20 axial sections, producing a total of 1200 images for each participant. Imaging parameters consisted of repetition time/echo time¼2 s/60 ms, field of view¼210 mm, matrix size¼64 Â 64, and slice thickness ¼5 mm. Participants were examined in a supine position with their eyes closed, and were firmly secured with the forearm pronated. For the motor task, a repetitive alternating cycle of control (rest for 21 s) and stimulation (activity for 21 s) with grasp-release hand movements at a metronome-guided frequency of 1 Hz was performed. Each of the 'control and stimulation' (42 s) tasks was repeated three times.
The DTIs were acquired using a sensitivity-encoding head coil on a 1.5-T Philips Gyroscan Intera (Hoffman-LaRoche, Ltd) with single-shot EPI with a navigator echo. Sixty contiguous slices (matrix¼128 Â 128, field of view¼221 mm, repetition time/echo time¼10726/76 ms, b¼600 mm 2 s À1 , thickness¼2.3 mm) were acquired for each of the 32 noncollinear diffusion-sensitizing gradients.
Data processing
Functional MRI data were analyzed using SPM2 software (Wellcome Department of Cognitive Neurology, London, UK) running under the MATLAB environment (The Mathworks, Natick, Massachusetts, USA). All images were preprocessed with a slice timing correction and motion realignment. These data were then coregistered and resliced using the diffusion -weighted-EPI volume with the highest signal-to-noise ratio (no diffusion weighting, b¼0) as a template for each participant. The final processing was smoothed with an 8-mm isotropic Gaussian kernel. Statistical parametric maps were obtained, and voxels were considered significant at an uncorrected P less than 0.001. Activations were based on the extent of 10 voxels.
Diffusion -weighted imaging data were analyzed using BEAR [24] , an in-house MATLAB-based software package (The Mathworks, Natick, Massachusetts, USA). EPI-based statistical maps were created in the SPM2 environment. The coregistration of the fMRI volumes of each participant to the diffusion dataset permitted us to directly apply the BOLDactivated maps as regions of interest (ROIs) for fiber tracking. As this study was focused on the CST, all noncortical activations were discarded. The CST related to hand motor function was determined by choosing the fibers passing through both of the ROIs (ROI 1: the activated cluster including the precentral knob, ROI 2: known anatomical CST area -blue portion of the anterior pons on the color map) (Fig. 1) .
The probabilistic index of connectivity algorithm was used to track the CST [25] . This approach produces the probability density function. The probability density function was defined at each voxel within the brain to provide an estimate of confidence in the fiber tract orientation. Probabilistic fiber tracking and mapping was performed by introducing uncertainty in the local fiber orientation at all points along its propagation using the standard Monte Carlo approach. The probability value for each voxel containing axonal projections was obtained by the equation, P¼N/N fibers Â 100 (in percentage), where N is the number of fibers going through a given voxel in the fiber bundle and N fibers is the total number of fibers connecting the both ROIs. Note that many fibers that are created in the Monte Carlo tracking method and that do not reach the target ROIs are not taken into account. Probability maps are normalized to the total number of fibers, N fibers. In this study, we have an interest in the CST location at the posterior limb of the internal capsule. Therefore, the probability maps computed represent the fiber density in the bundle between the two ROIs, and provide an indication of the most likely path between the two ROIs.
Measurements of the corticospinal tract location at the posterior limb
We measured the location of the CST in the posterior limb of the internal capsule at the level of the mid-thalamus. We defined A(x1, y1) as the most medial point of the lenticular nucleus, and B(x2, y2) as the most posterior point of the lenticular nucleus (Fig. 1) . We defined C as the CST(X, Y), and measured the anterior, posterior margin of the CST and the highest density point as the most plentiful number of fibers going through a given voxel in the CST at the posterior limb of the internal capsule. We measured the location of the CST at the posterior limb of the internal capsule using the following equation:
Statistical analysis
The highest density point, the anterior margin of the CST at the posterior limb of the internal capsule, the posterior margin of the CST at the posterior limb of the internal capsule, fractional anisotrophy, and the probability of tracking CST were used to perform an independent t-test to determine the variances between the right and left hemisphere. Results were considered significant at P less than 0.05.
Results Figure 2 shows the location of the CST in the posterior limb of the internal capsule at the level of the mid-thalamus. All of the CSTs descended through the area between the most medial point of the lenticular nucleus and the most posterior point of the lenticular nucleus. The relative average location of the highest density point of the CST was 76.35% with the standard from the most medial point to the most posterior point of the lenticular nucleus ( Table 1) . The average anterior and posterior margins of the CST were located at 64.27 and 86.72%, respectively. The mean probability was 18.93, and the average value of fractional anisotrophy was 0.61. No significant differences were observed between the hemispheres in terms of the highest density point, the anterior margin, the posterior margin, the mean probability, and the fractional anisotrophy.
Discussion
In this study, we attempted to investigate the location of the CST for the hand at the posterior limb of the internal capsule using the combined fMRI/DTT method. The classical concept was that the CST was located at the anterior portion of the posterior limb of the internal capsule [12] . The opinion that the CST located at the posterior portion of the posterior limb of the internal capsule, however, seems to prevail in current research studies [4] . Englander et al. [5] and Hanaway and Young [6] reported that the CST was located in the third quarter of the posterior limb of the internal capsule (anterior to the posterior border of the lenticular nucleus) at the mid-thalamic level and posterior half of the posterior limb of the internal capsule using an autopsy study of stroke patients. In contrast, a normal brain dissection study demonstrated that the CST entered the rostral, the posterior limb of the internal capsule at the anterior half of the posterior limb of the internal capsule in either the first or second quarter [8] . The CST progressively shifted position into the posterior half of the posterior limb of the internal capsule in the caudal portion, and passed into the third quarter. In some brains, it occupied a portion of the fourth quarter at the lower thalamic level. Another newborn brain dissection study showed that the CST was located in the middle of the posterior limb of the internal capsule, in the rostral portion at the level of the interventricular foramen, and in the posterior third of the posterior limb of the internal capsule at the level of the caudal portion at the subthalamic nucleus [9] . In 1994, a T2-weighted MRI study reported that the CST was located at the posterior portion of the posterior limb of the internal capsule [10] . After the introduction of DTT, three studies about the CST location at the posterior limb of the internal capsule were conducted [11, 13, 14] . Holodny et al. [11] demonstrated that the CST was located at the third quarter of the posterior limb of the internal capsule using DTT. The other studies were conducted to investigate the somatotopy of the hand and foot, as well as asymmetry according to handness [13, 14] , but not the CST location. Our results showed that the CST was located at an average of 76.35% in terms of the highest density point and 64.27-86.72% in terms of the CST location range at the posterior limb of the internal capsule. On the whole, the results of this study seem to coincide with those of previous studies. Direct comparison, however, would be impossible because the earlier studies did not define the exact boundary of the posterior limb of the internal capsule and their analyzed area, or did not declare the axial cutting level [4] [5] [6] [7] [8] [9] [10] [11] 13, 14] . We measured the relative distance from the most medial point to the most 819 posterior point of the lenticular nucleus at the mid-thalamic level for easy clinical application. The other reason we compare our results with those of earlier studies is that our study was designed only for the CST of hand motor function, but most of the earlier studies were designed for the whole CST. DTT seems to be a revolutionary tool for the investigation of the neural pathways at the subcortical level. DTT can, however, lead to erroneous results because this technique can be operator-dependent, or can show mathematical results irrespective of real anatomy [11, 12, 19] . In contrast, the combined method with fMRI has an advantage in that it allows us to obtain anatomical data derived from functional data. In this study, we transferred the fMRI activation resulting from a hand motor task to the DTI analysis program [24] . We used the cortical activation as an ROI and the CST area of the pons as the anatomic location of the CST, which is not in dispute as another ROI. There have been two DTT studies conducted to determine the location of the CST to try to combine with fMRI, as in this study [11, 13] . These studies, however, have a limitation in that fMRI was performed only for some of the participants [11] , or drew the fMRI activation area by hand [11, 13] . Therefore, as far as we know, this is the first study to demonstrate the CST location in the human brain using DTT analyzed by the fMRI activation results.
Conclusion
In conclusion, we demonstrated that the CST for the hand descended through the posterior portion of the posterior limb of the internal capsule at the mid-thalamic level. Therefore, we think that this combined method of fMRI/ DTT could be useful for investigating the anatomy of the human brain.
